A calibrated fluorescence imaging system utilizing a combination of fluorescence and cross-polarization imaging technology is described and applied to tissue examination in vivo. The results show that the inhomogeneity of fluorescence excitation and collection across the irregular surface of the examined tissue is calibrated to a great extent by taking the ratio of the raw fluorescence image to the cross-polarized reflection image. Light-induced fluorescence ͑LIF͒ spectroscopy has been established as an effective technology in medical diagnosis with particular advantages for in vivo noninvasive characterization of pathological states in human tissue. It has been found that under the same excitation and collection geometry the fluorescence intensity of lesions is almost always lower than that of surrounding normal tissue.
Light-induced fluorescence ͑LIF͒ spectroscopy has been established as an effective technology in medical diagnosis with particular advantages for in vivo noninvasive characterization of pathological states in human tissue. It has been found that under the same excitation and collection geometry the fluorescence intensity of lesions is almost always lower than that of surrounding normal tissue. [1] [2] [3] This information could be used to detect the early lesions. Unfortunately, a common LIF imaging device for wide area surveillance of lesions cannot provide homogeneous illumination and fluorescence collection. To image lesions based on the contrast in LIF intensity between the lesion and the normal tissue, a calibration mechanism must be applied to correct the effects on LIF signal caused by the varying illumination/collection geometry across the imaged tissue surface.
Recently, we introduced a combined fluorescence and polarization imaging method that corrects the geometrical effect and creates a calibrated LIF image of tissue-like turbid media. 4 The mechanism of the correction for geometrical effects was investigated through a Monte Carlo modeling technique in an extended study. 5 It was shown that when both the fluorescence ͑F͒ and diffuse reflectance ͑R͒ are collected at a small angle from the incident axis of the illumination, the geometrical effects can be compensated by taking the F/R ratio. For a LIF endoscopic imaging system with a polarized excitation, the crossed source and detector arrangement can remove any specular reflection that does not carry information about illumination/collection geometry and extract the diffuse reflectance. 6, 7 In this letter, we demonstrate the classification of tissue in vivo using a calibrated fluorescence endoscopic system based on the combined fluorescence and cross-polarization imaging technology.
A schematic of the calibrated fluorescence endoscopic system is shown in Fig. 1 . A laser of wavelength at 457 nm is used as the excitation source. The endoscope is specially designed with a linear polarizer at the tip of the illumination channel as shown in Fig. 1 . The diameters of the endoscope and the imaging lens are 7 and 3 mm, respectively. An optical fiber conducts the laser to the input port of the illumination channel. A dichroic mirror of cut-on wavelength of 470 nm divides the F and R signals collected by the endoscope into the fluorescence and reflection channels. The specular reflection is rejected by a polarizer ͑P͒ in the reflection channel with the polarization axis perpendicular to the illumination channel. The cross-polarized reflection image is recorded with a charge coupled device ͑CCD͒ camera. An additional bandpass filter ͑F͒ of a wavelength transmission range from 470 to 650 nm is used in the fluorescence channel to reject the residual excitation light. The raw fluorescence image is recorded with an ICCD camera. The video signals from the CCD and ICCD are captured by a frame grabber simultaneously at the rate of 25 frames per second. The F/R ratio image is generated by normalizing the fluorescence image to the cross-polarized reflection image and then multiplying it by a scaling constant.
To demonstrate the ability of the F/R ratio imaging technique for the correction of the geometrical effects in vivo, we imaged the oral and oropharyngeal tissues of an adult subject ͑one of the authors͒. The distance from the distal tip of the endoscope to the imaged tissue varied from 10 to 30 mm. To verify if the F/R ratio image provides a map of calibrated tissue fluorescence, we chose a well established optical fiber technique to measure the tissue fluorescence.
1-3 A multiple optic fiber catheter is used to deliver the 457 nm laser excitation and collect the fluorescence from the same tissue sites as shown in Figs. 2 and 3 . The structure of the fiber catheter is the same as used in Ref. 3 . During the measurement, the distal tip of the catheter is perpendicularly touched onto the tissue surface to ensure a fixed excitation and collection geometry at any tissue site. The measured fluorescence is then self-calibrated when the excitation is constant. The fluorescence is analyzed with a commercial spectrometer and the spectra are shown in Fig. 4 . Each spectrum in Fig. 4 is an average of ten spectra recorded from ten different locations of the same kind of tissue. The difference of tissue fluorescence in tongue, oral tissue, connective tissue, and oropharyngeal tissue is obvious. To compare the results obtained from the measurements using an optic fiber catheter and F/R ratio imaging, we integrate the fluorescence spectral signal over the range from 470 to 650 nm, the same range as the bandpass filter in the fluorescence channel of the 
